The association between the use of statins and the risk of diabetes and increased mortality within the same population has been a source of controversy, and may underestimate the value of statins for patients at risk. OBJECTIVE: We aimed to assess whether statin use increases the risk of developing diabetes or affects overall mortality among normoglycemic patients and patients with impaired fasting glucose (IFG). DESIGN AND PARTICIPANTS: Observational cohort study of 13,508 normoglycemic patients (n = 4460; 33 % taking statins) and 4563 IFG patients (n = 1865; 41 % taking statin) among residents of Olmsted County, Minnesota, with clinical data in the Mayo Clinic electronic medical record and at least one outpatient fasting glucose test between 1999 and 2004. Demographics, vital signs, tobacco use, laboratory results, medications and comorbidities were obtained by electronic search for the period 1999-2004. Results were analyzed by Cox proportional hazards models, and the risk of incident diabetes and mortality were analyzed by survival curves using the Kaplan-Meier method.
INTRODUCTION
Recent publications have shown an association between the use of statins and the risk of developing diabetes mellitus, although the clinical relevance of this association has been debated. [1] [2] [3] However, the benefits of statin therapy in reducing cardiovascular risk in both diabetic and non-diabetic patients are unquestionable, and have been clearly demonstrated in multiple studies, with more than 500,000 patient-years of treatment. Such benefits are greatest in individuals with the highest cardiovascular risk. 4, 5 The West of Scotland Coronary Prevention Study (WOSCOPS) was the first randomized clinical trial (RCT) to indicate a possible link between statins use and the risk of diabetes, suggesting that pravastatin therapy was associated with a 30 % reduction in the risk of developing diabetes. 1 Several subsequent RCTs have failed to confirm this protective effect. [6] [7] [8] [9] Rather, a possible adverse effect of statins on the incidence of diabetes was initially reported as a post hoc incidental finding in an RCT by Ridker et al. in 2008 . 10 This finding prompted further review, and multiple studies have since been published, but results have been conflicting, with one meta-analysis including six RCTs showing no clear association, 11 while two larger and more recent reviews pointed to an increased risk of diabetes. 3, 12 One of these was a metaanalysis that included a total of 13 RCTs, each with more than 1000 patients, in which various statins were used for periods greater than 1 year, 3 while the other was a review of three large RCTs investigating high-dose atorvastatin (80 mg). 12 Furthermore, it is unclear whether statin use further accelerates progression to overt diabetes in patients already at increased risk, e.g., patients with impaired fasting glucose (IFG) or impaired glucose tolerance (IGT), although the use of statins appears to be associated with increased risk of new-onset diabetes in some patients (IGT with other associated cardiovascular risk factors). 13 Of concern, however, is whether the welldocumented beneficial effect of statins in reducing cardiovascular risk 6 is negated by an incremental increase in the risk of developing diabetes, particularly for primary prevention in patients at lower risk where the benefit is less clear. [14] [15] [16] [17] [18] One must also question whether the risk of diabetes and that of cardiovascular events and death carry the same weight. 19 In this study, we aimed to assess whether the use of statins increases the risk of developing diabetes and whether it affects total mortality in patients with IFG and in normoglycemic patients.
RESEARCH DESIGN AND METHODS

Study Setting and Subjects
The Mayo Clinic, located in Rochester, MN, provides primary care to a large proportion of the residents of Olmsted County, MN. The facility has a comprehensive electronic medical record (EMR) system that includes laboratory results, clinical diagnoses and clinical notes, which in the outpatient setting are organized in sections (e.g., chief complaint, history of present illness, allergies, medications), thus facilitating electronic search of their content. This information is also part of the Rochester Epidemiology Project (REP), a unique research infrastructure that links the Mayo medical records with those of other providers who serve the local population, most notably the Olmsted Medical Center, and allows follow-up of the population over time.
After approval by the Mayo Clinic Institutional Review Board, we used these databases to identify all eligible adult (≥18 years) Olmsted County residents who visited the Mayo Clinic between January 1, 1999, and December 31, 2004 , and who had clinical follow-up after January 1, 2005 (n = 85,132). Residents who had not provided authorization for use of their medical records in research were not included. We then excluded patients with a clinical diagnosis of diabetes (ICD codes searched using REP resources) or who met biochemical criteria for diabetes (fasting glucose ≥ 126 mg/dL). We also excluded patients who were not taking any medication, as these patients are generally younger and healthier, and a substantial portion of them had not had laboratory tests performed, and thus fasting glucose values were missing. By excluding these patients, we assumed our sample consisted of comparable subjects. A total of 18,071 adult non-diabetic Olmsted County residents who were taking some medication and had at least one outpatient fasting glucose test between 1999 and 2004 constituted our study sample.
Data Collection and Follow-up
We collected baseline clinical characteristics using electronic searches: date of birth and gender were obtained from the REP database, as were clinical diagnoses (ICD codes) of obesity, hypertension, hyperlipidemia, renal failure, congestive heart failure, ischemic heart disease, cerebrovascular disease and peripheral vascular disease. For vital signs (weight, height, body mass index (BMI), blood pressure, pulse) and laboratory values (total cholesterol, triglycerides, HDL cholesterol, LDL cholesterol and creatinine), we used the mean (±SD) of all available results for each subject in the Mayo EMR between January 1, 1999, and December 31, 2004. Tobacco use and medications were assessed using natural language processing, searching the social history and medication section of the EMR between 1999 and 2004. Exposure to statins was defined as the presence of any generic or brand-name statin, alone or in combination with other medications, in the medication list during the study period. We used the highest outpatient fasting plasma glucose level recorded between January 1, 1999, and December 31, 2004 , to define normoglycemia (<100 mg/dL) and IFG (100 to 125 mg/dL) according to current American Diabetes Association criteria. We used plasma glucose measures defined as Bfasting^and collected between 6:00 a.m. and noon in the outpatient setting. Blood glucose defined as Brandom glucose^or any measurements collected in the emergency department or any hospital location was excluded. Patients were then followed in time through the REP resources until death or the last visit to Mayo Clinic to identify new onset of clinical diagnosis of diabetes mellitus.
Statistical Analysis
We divided the patients with a history of medication use into two groups according to their baseline risk of diabetes (normoglycemic vs. IFG), and we then compared those patients exposed to statins vs. those without statin exposure within each group. Patient characteristics were reported as mean ± SD for continuous variables and frequency (percentage) for categorical variables, and were compared by two-sample t tests and Pearson chi-square tests between statin users and non-statin users when appropriate. BMI, total cholesterol, HDL, LDL and triglycerides were missing for 7 % of the population. However, we did not impute data, as these data were not missing at random, and they were predominantly for younger and healthier patients who were not taking medications.
Cox proportional hazards models were constructed to model total mortality and diabetes as two separate endpoints. Predictors included known risk factors for mortality and diabetes (Table 1 ). Since lipid health is an important factor in these endpoints, and our intervention of interest (statin treatment) concerns lipid health in particular, correctly taking lipid health into account is of paramount importance. The effects of statins and hyperlipidemia are highly conflated. Nearly half of the patients with a diagnosis of hyperlipidemia are taking lipid-lowering drugs, and 92 % of these drugs are statins. From a modeling perspective, the effect of statins and that of hyperlipidemia are difficult to separate, but we can reliably estimate their combined effect. To this end, we constructed a propensity score model, which we termed "baseline lipid risk," to assess the patients' baseline (January 1, 2005) lipid health. Specifically, we defined it as the log odds of the necessity to use any cholesterol drug or the presence of a hyperlipidemia diagnosis code. The independent variables included lipid panel (LDL, HDL, triglycerides), blood pressure, BMI, the use of hypertension drugs and demographics (age and gender). Backwards elimination was applied to select a set of statistically significant predictors (at a p value of 0.05).
The Cox proportional hazards model with the total mortality endpoint was constructed using the above lipid risk propensity score, diagnoses of various cardiac and vascular complications, renal failure, hypertension and tobacco use. Backwards elimination was used to select a set of significant variables. The baseline lipid risk and the cholesterol drugs (statins and fibrates) were included regardless of whether they were significant. The Cox model with the diabetes endpoint was constructed using the lipid risk variable, various cardiac and vascular complications, renal disease, tobacco use, and fasting plasma glucose, and backwards elimination was similarly applied to arrive at a set of significant variables.
The survival curves were estimated using the Kaplan-Meier method and adjusting for baseline clinical characteristics ( Table 1 ). The log-rank test was used to compare the survival curves, and p values less than 0.05 were considered statistically significant. Statistical analyses were performed using SAS version 9.3 software (SAS institute Inc., Cary, NC, USA).
A sensitivity analysis was used to computationally validate the results from our models. A logistic propensity score model was constructed with statin use as outcome and the binarized risk factors as independent variables. The laboratory results were binarized as normal or abnormal using specific cutoffs. The study cohorts were then divided into subpopulations based on the binarized risk factors found to be significant in the propensity score model, in decreasing order of importance (decreasing order of their absolute coefficient). The result of this process was a non-overlapping partitioning of patients into groups with identical propensity scores and identical risk factors. In each group, the mean mortality and prevalence of diabetes was computed separately for the statin-taking and 
RESULTS
A total of 18,071 adult non-diabetic Olmsted County residents were taking some medication and had at least one outpatient fasting glucose value reported between 1999 and 2004. Of these, 13,508 were normoglycemic (n = 4460; 33 % taking statin) and 4563 met the criteria for IFG (n = 1865; 41 % taking statin). These subjects were followed subsequently for a mean of 6 years. The baseline characteristics of these groups are summarized in Table 1 . In general, IFG patients were older and had more cardiovascular risk factors, especially among those taking statins.
Diabetes Risk
After a mean 6 years of follow-up, there were 1182 (10 %) new diagnoses of diabetes in the normoglycemic group and 1524 (36 %) in the IFG group (p < 0.0001). Figure 1a and b shows the Kaplan-Meier curves and log-rank test p value for the proportion of new diagnoses of diabetes after adjusting for baseline characteristics among normoglycemic and IFG patients. As expected, IFG patients had a higher risk of developing diabetes compared with normoglycemic patients. However, statin use was associated with increased risk of incident diabetes in both groups of patients, normoglycemic and IFG, although the difference between statin and non-statin users was more pronounced among the IFG patients (Fig. 1) . Table 2 shows the results of the Cox proportional hazards regression models. After adjustment for baseline characteristics, statin use was an independent predictor of incident diabetes in both patient groups, normoglycemic and IFG, with hazard ratios (HR) of 1.19 (95 % CI, 1.05 to 1.35) and 1.24 (95 % CI, 1.11 to 1.38), respectively.
Mortality Risk
Over 6 years of follow-up, there were 926 (7.2 %) deaths in the normoglycemic group, compared with 450 (10 %) in the IFG group. Figure 1c and d shows Kaplan-Meier survival curves for overall survival after adjusting for baseline characteristics. Overall, patients with IFG had an increased risk of death compared with normoglycemic subjects. In both groups, however, patients taking statins had a statistically significant lower risk of death than patients not taking statins: HR 0.70 (95 % CI, 0.62 to 0.80) in the normoglycemic group vs. HR 0.77 (95 % CI, 0.64 to 0.91) in the IFG group (Table 3) .
DISCUSSION
Our study findings indicated a positive association between statin use and an increased risk of incident diabetes in both normoglycemic and IFG patients, while overall mortality decreased with the use of statins in both of these populations. The risk of progression to overt diabetes in IFG patients over a 6-year period of follow-up was 24 %, a magnitude consistent with that reported in previous studies in similar populations, [20] [21] [22] and as expected, the risk was higher for IFG patients than for normoglycemic subjects. However, this increased risk in incident diabetes was outweighed by an equal 24 % reduction in overall mortality, a more important clinical outcome. Such excess risk of incident diabetes appears to be lower (19 %) in normoglycemic subjects with other cardiovascular risk factors, but the benefit of reduced mortality (30 %) in this group also greatly outweighs this risk.
Statin use was reported in a recent meta-analysis to be associated with an increased risk of developing diabetes, although this excess risk (9 %) appears to be small (odds ratio [OR] 1.09; 95 % CI 1.02 to 1.17) and is most apparent in older subjects (≥60 years). 3 Furthermore, results of the individual randomized controlled trials (RCTs) included in the meta-analysis varied substantially, with only 2 of the 13 trials (JUPITER and PROSPER) 10, 23 showing a statistically significant increase in risk; the other 11 studies showed only non-significant trends towards lower 1,7,24,25 or higher incidence 3 of diabetes. Several subsequent meta-analyses have confirmed this association, 2,3,12 while another analysis failed to demonstrate a clear relationship.
11 These differences are likely based on the specific clinical trials that were included in the various meta-analyses, but other factors may also play a role in these differences. For example, some studies have suggested that this is a class effect inherent to all statins, 26 whereas others indicated that it may be associated only with more potent statins (atorvastatin, simvastatin, rosuvastatin) [27] [28] [29] ; several studies have also suggested a dose-dependent effect. 2, 10, 27, 29 In any event, the underlying mechanism explaining this deleterious effect is unclear, although it has been postulated that statin therapy may interfere with normal glucose metabolism and exacerbate glucose intolerance. 30, 31 Statins are recommended for the management of hypercholesterolemia in the primary and secondary prevention of cardiovascular events in patients at risk. 10, [32] [33] [34] [35] Given that diabetes has been considered a cardiovascular disease (CVD) risk equivalent, 36 the use of statins is strongly recommended in patients with diabetes or those at high risk of developing diabetes, including those with metabolic syndrome or prediabetes, 33 in whom CVD is highly prevalent and a common cause of death 19, 37, 38 ; statins have been shown to prevent cardiovascular events and reduce mortality in this population. 7 A recently published study evaluated the risk of incident diabetes in statin users who had IGT and other cardiovascular risk factors at baseline, concluding that statin use in these patients was associated with a 32 % increased risk of incident diabetes, 13 although overall mortality in that group of statin users was not assessed. To the best of our knowledge, ours is the first study to directly evaluate the effects of statin use in a population of normoglycemic and IFG patients with regard to the risk of incident diabetes and, more importantly, overall mortality.
Prediabetes (IFG and IGT) is associated with increased risk of progression to overt diabetes, a well-known cardiovascular risk factor. 22 Lifestyle and pharmacological interventions have been shown to reduce the rate of progression to diabetes in these high-risk populations. 20, 39 Because CVD is the leading cause of death in patients with diabetes, early intervention (at the prediabetes stage) may lead to a reduction in CVD. However, a recent meta-analysis, which included ten trials of interventions directed towards 40 Conversely, our study demonstrates that despite the increased risk of incident diabetes associated with statin use-19 and 24 % in normoglycemic and IFG patients, respectively-a significant reduction in overall mortality was also observed in statin users vs. nonusers in both normoglycemic and IFG patients, by 30 and 24 %, respectively. Our findings are consistent with those reported in the JUPITER trial, which showed a 27 % increased risk of developing diabetes with statin use vs. nonuse, but a 54 % reduction in the risk of myocardial infarction, a 48 % reduction in the risk of stroke, and 20 % lower risk of death from any cause. 10 The main strength of our study is the very large sample size and long-term follow-up that includes mortality data. Our model also carefully selected comparable groups from our community-based population to avoid common biases, including the selection of a significantly different and healthier control group and imputation of data when that is not indicated based on a biased distribution of missing data. The main limitations include the retrospective nature of the study and the need for electronic data collection without individual chart review, which was not possible due to the large sample size and long follow-up. However, the Mayo comprehensive EMR and the resources available from the REP database provide reassurance regarding the validity of the data. It is important to highlight that our results apply only to subjects with comorbidities who are taking medications. In our efforts to define comparable groups, patients not taking medications, who were usually younger and healthier, were not included. Another limitation was our inability to ascertain the duration of exposure to individual statins due to the ambulatory use of these medications and our retrospective electronic data collection.
In conclusion, our data suggest that statin use is associated with a statistically significant increase in the risk of incident diabetes in both IFG and normoglycemic subjects, but also, and most importantly, with a significant reduction in overall mortality in both groups. Current recommendations for the use of statins in patients with clinical indications and as a means to decrease cardiovascular mortality and death seem valid, even after considering the risk of incident diabetes.
In our view, appropriate clinical follow-up of non-diabetic patients exposed to statins, including annual fasting glucose measurements, seems to be a logical compromise. Moreover, discontinuation of statin use in patients with rising glycemia who are at risk for cardiovascular events does not appear to be warranted, based on the low overall risk of diabetes-but more importantly, on the significant benefit of reduced mortality. 
